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ABSTRACT

We discuss new developments in our polarizable water model consisting of
smeared charges and a self-consistent point dipole polarizability, and compare the structural
and polarization results at ambient and a supercritical conditions with those obtained
previously with the corresponding ssimple point charges counterpart. We discuss the
outcome of this comparison and make contact with the structural data from neutron

scattering with isotopic substitution.

1. INTRODUCTION

Since the introduction of the BNS [1] water model in the early seventies, the
modeling of water and aqueous solutions has been mostly done by molecular force-fields
based on fixed point chargesin either rigid or flexible molecular geometry [2, 3]. All these
models share a common feature, i.e., they are unable to account explicitly for the
polarization effects (many-body) but rather implicitly as two-body interactions through
enhanced dipole moments. Thisfeature, in turn, has at least two undesirable consequences
for the modeling of agueous solutions over wide range of state conditions. First, the
pairwise additivity assumption cannot describe common situations where the actua
polarization is anisotropic, i.e., such as water near surfaces or charged species, and under
external electric fields [3]. And second, as aresult of the enhanced dipoles, the models
cannot describe the two-body interactions of an isolated molecular pair, i.e., the behavior at
low density, without running into undesirably state dependence in the force-field
parameters [4]. Consequently, these non-polarizable water models are non-transferable,
i.e., they are unable to describe properly the phase behavior at conditions away from those
at which the parameterization was performed, even if the model parameters are defined as
state dependent [5].

Recent neutron scattering results for the structure of water at ambient and

supercritical water [6, 7] have fueled the interest in the development of more reliable



models for water [8-12], as a vehicle to improve our understanding of the complex
behavior of water at ambient and supercritical conditions, through the interplay between
molecular simulations and neutron scattering experiments [13]. In particular, as part of a
wider investigation of high temperature solvation in aqueous solutions [14-17], we have
recently devel oped a simple polarizable water model capable of reproducing the pressure,
the configurational internal energy, and the site-site pair correlation functionsat T = 298K

and p=10g/cc while maintaining a permanent dipole moment of p=1.85D
corresponding to the water dimer [18]. The model (SCPDP) was based on therigid SPC
geometry, i.e., aplanar configuration withan H- O- H angle of 109.5° and an O- H

bond length of 1.0A [19], with the negative charge located along the H - O- H bisector, a

distance Ry, toward the H sites (see Figure 1 of Ref [12]), with a magnitude such that

w=185D [12]. Its parameterization for O£ Ry £0.25A resulted in tota dipole
moments between 2.88 and 3.03D, with polarization energies accounting for 40 to 57% of
the tota configuration internal energy of water. Those thermophysical results in
conjunction with the short-range over structuring of the site-site correlation functions,
pinpointed some shortcomings of the simple point charge approximation for the

polarization behavior at short intermolecular distances, as well as the inadequacy

12-repulsive part of the non Coulombic interactions [20].

(steepness) of ther”
In this paper, we present new developments aimed at correcting the mentioned

shortcomings thorough the introduction of smeared, as opposed to point charges, and the

replacement of the r 12 by an exponential dependence. For comparison purposes we use
the original parameterization and the latest (revised) neutron scattering data. 1n Section 2
we describe the modification introduced to the original model, and describe briefly the
parameterization and simulation methodology. In Section 3 we present the smulation

results for the model’ s thermodynamics, force-fields, and structure at ambient and high



temperature conditions for a series of geometries. Finally, we highlight some relevant

conclusions.

2. MODEL DESCRIPTION AND PARAMETERIZATION

2.1. Smeared Charges plus a Self Consistent Point Dipole Polarizability
According to the neutron diffraction investigation of the intramolecular structure of

liquid water [21], the actual geometry of water lies between that of the SPC [19] and the

TIP4P [22] geometry, i.e., aplanar configuration withan H - O- H angle between 109.5°

and 104.5°, and an O- H bond length between 1.0A and 0.9572A, respectively. In this

work we study the two geometries for Ry, =0.25A from which the resulting effective
guadrupole moments are close to those of real water.

The first important modification to the original SCPDP model is the introduction of
smeared charges, instead of the simple point charges, to improve the short-range
polarization behavior. This is done using Gaussian distributions centered at the sites

described by the ssmple point charge models, given by,
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where q?‘ is the magnitude of the chargein site o. of the moleculei, and o, isthe width
of the Gaussian charge distribution centered at r;, . Thus, the charge-charge interaction

contribution to the configurational energy becomes[23]
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where erf isthe error function. Note that this distribution (potential energy function) will
render afinite value in the limit |ri0C - er|= 0, i.e., by recalling the behavior of the error

function for small arguments,
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where r,, =r;+r” and r; isthelocation of molecule i. Now, according to Thole's

formalism [24], the electric field E{ at the center of mass of molecule i and the symmetric

dipole tensor T;; for smeared Coulombic charges are defined as
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whereo ° @ (r,ri 1O i ,GJ-(X) Isthe electrostatic potentia of a system of smeared charges.

Thus,
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where | istheunit tensor, and f and g are two coefficients dependent on |ri - rJ-| and the

Gaussian parameters whose precise forms are given elsewhere [23]. Finally, the induced

electric field due to the point dipole polarizabilitiesis,

N
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so that the induced dipole moment on the center of mass of molecule i becomes,
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The second modification to the original SCPDP model is the replacement of the
L ennard-Jones oxygen-oxygen interactions for a Buckingham-type potential, to improve
the short-range water structure. Thus, the total potential energy for a system of N water
molecules described by the self-consistent point dipole polarizability model (SCPDP)

becomes,
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where the oxygen site is taken as the fourth site in the model’ s geometry, i.e., b=g=4
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for the non-Coulombic O- O interactions.



2.2. Simulation Methodology

All simulations were performed in the canonical-isokinetic (NVT) ensemble, with
N=256 particles at the system density of r =1.0g/cm3 and temperature T=298K, and were
started from well equilibrated configurations from the original polarizable model. Gear’s
fourth order predictor-corrector algorithm [25] with a Gaussian thermostat was used to
integrate Newton-Euler equations of motion, which are based on Evans-Murad quaternion
formalisnm [26]. The force-field parameters ey and soo for either model were
determined following the same strategy as described elsewhere [12]. Standard periodic
boundary conditions were used along with the minimum image criterion, a spherical center-

to-center cutoff for the truncated intermolecular interactions, and a Verlet neighbor list.
Pressure and configurational internal energy were corrected for the truncation r, = 8.6A by
adding the standard long-range contributions [27]. Long-ranged Coulombic interactions
were handled by amolecular reaction field approach with adielectric constant €, =78 [28]
in an analogous way as described in Appendix A of Ref. [12].

In this work we have chosen Ro, =0.25A so that the resulting effective
guadrupole moments are close to the actua values. For any model geometry the
electrostatic charges were determined by setting the permanent dipole moment p = 1.85D
[18]. Theimplicit electrostatic equation (9) with a molecular polarizability o = 1.444A3
[18] was then solved to self-consistency as described in Ref [12]. With the resulting force-

fields we performed additional smulationsat T = 573K and p =0.72g/cc with g, =20.

3. SIMULATION RESULTS AND DISCUSSION
The model parameterization was performed to reproduce the experimental values of
-9.92Kcal/mol and 0.0Kbars for the configurationa internal energy and pressure,

respectively. The resulting force-field parameters for the model are €5/ k =70.6K,



6oo =3.514A, and C=1.34. The simulated site-site radial distribution functions for
water at ambient conditions are compared in Figures 1-3 with two sets of neutron scattering
experimental results, i.e., the de facto standard for water structure determined by Soper
and Phillips [29] (hereafter referred to as the NDIS-86) and the latest (and revised) results
[7] (hereafter denoted the NDIS-97). Similarly, in Figures 4-6 the simulated structure of
water at the state condition of p =0.72g/cc and T =573K is compared with the NDIS-
97.

Although we have discussed the subject elsewhere [13] we must point out that, if
the NDIS-97 is the most accurate data set currently available, the NDIS-86 data set appears
to overpredict the strength of the O- O and O- H pair correlation functions, even though
both data sets fulfill thermodynamic consistency tests [30]. Moreover, because the two
data sets were determined by the same research group, i.e., they have not been reproduced
by any independent group, for comparison purposes we include the NDIS-86 and the
NDIS-97 to give a sense of the magnitude of the current uncertainties associated with the
water microstructure.

Preliminary results indicated that the introduction of smeared charges into the

origina SCPDP model with Ry, =0.25A (and a Lennard-Jones potential) induces a small
(though noticeable) decrease of the polarization at short distance, with a simultaneous shift
of the first peak of the correlation functions [23]. Y et, thisis not the sizable change of

polarization we expected to obtain. We have also noticed that the first second peak of the

Joo(r) still shows adistinctive change of curvature around r » 4A (see Figure 5 of

Chialvo and Cummings [12]) rather than the well defined and symmetric peak found by

neutron scattering.

The introduction of the exponential (Buckingham-type) in place of the 12

(Lennard-Jones) repulsive term induces a large decrease (approximately by one) in the

observed strength of the first peak of goo(r) for ambient water, without affecting the



definition of the second peak (compare Figure 5 of Chialvo and Cummings [12] and our
Figure1). Yet, whilethe smulated goy (r) and gy (r) arein remarkable better agreement

with the NDIS data (specially with the NDIS-86) than the original SCPDP model (see

Figures 6 and 7 of Ref. [12] for Ry =0.25A), thereisstill room for improvements
which should be guided by analysing other experimental information such as phase
diagram and dielectric constant.

For the water structure at high temperature, the new version of the SCPDP model
gives asimilar agreement with the NDIS-97 as the original model (note that in Ref. [12],
Figures 8-10, this comparison was done with the NDIS of [6] which were |ater revised to
become NDIS-97 [13]), though the strength of the first peak of the smulated goo(r) isin
almost perfect agreement with the experimental one.

In terms of thermophysical properties, the total dipole moment predicted by the
model decreases from 2.87+ 0.02D at ambient conditionsto 2.39 +0.05D at the high
temperature conditions (compare this value with the ab initio smulation result of
2.3+0.2D [31]), with a polarization energy decreasing from -4.2+ 0.2Kcal/mol to
- 1.6+ 0.1Kcal/mol , respectively.

In summary, the revised model is able to describe accurately the pressure and
configurational energy of water at ambient conditions, while maintaining the experimental
value for the permanent dipole moment. The resulting structure at ambient conditions
shows a remarkable improvement over the original model, through the combined effects of
smeared Coulombic charges and a more realistic repulsive term for the non-electrostatic
O- O interactions. Similar improvement is observed for the structure of water at high

temperature.



ACKNOWLEDGEMENTS

This work was supported by the Division of Chemical Sciences, Office of Basic
Energy Sciences, U.S. Department of Energy. Computations reported in thiswork were
performed on IBM RS/6000 in the Computational Laboratory for Environmental
Biotechnology in the Department of Chemical Engineering at the University of Virginia,
and on the IBM SP/2 of the Computing & Administrative Systems at the University of
Tennessee. The IBM SP/2 was obtained under the IBM Shared University Resource

program.

REFERENCES

1. Ben-Naim, A. and F.H. Stillinger, in Structure and Transport of Processes in Water
and Aqueous Solutions, R.A. Horne, Editor. 1972, Wiley-Interscience: New Y ork.

2. Beveridge, D.L., et al., Monte Carlo simulation studies of the equilibrium
properties and structure of liquid water, in Molecular-Based Study of Fluids, J.M.
Haile and G.A. Mansoori, Editor. 1983, ACS Advances in Chemistry Series No. 204,
American Chemical Society:

3. Zhu, S.-B., S. Singh, and G.W. Ribinson, Field-perturbed Water, in Modern
Nonlinear Optics, M. Evans and S. Kielich, Editor. 1994, John Wiley & Sons, Inc.:
New York. p. 627-732.

4. Berweger, C.D., W.F. van Gunsteren, and F. Miiller-Plathe, Force Field
Parametrization by Weak Coupling. Re-engineering SPC Water. Chemical Physics
Letters, 1995. 232: p. 429-436.

5. Chialvo, A.A., On the Realism of the Re-engineered SPC water model. Journal of
Chemical Physics, 1996. 104: p. 5240-5243.

6. Postorino, P., R.H. Tromp, M.A. Ricci, A.K. Soper, and G.W. Neilson, The
Interatomic Structure of Water at Supercritical Temperatures. Letters of Nature,
1993. 366: p. 668-670.

7. Soper, A.K., F. Bruni, and M.A. Ricci, Site-Site Pair Correlation Functions of
Water from 25°C to 400°C: Revised Analysis of New and Old Diffraction Data.
Journal of Chemical Physics, 1997. 106: p. 247-254.

8. Rick, S\W., S.J. Stuart, and B.J. Berne, Dynamical Fluctuating Charge Force
Fields: Application to Liquid Water. Journal of Chemical Physics, 1994. 101: p.
6141-6156.



9. Brodholt, J., M. Sampoli, and R. Valauri, Parameterizing a Polarizable
Intermolecular Potential for Water. Molecular Physics, 1995. 86: p. 149-158.

10.Brodholt, J., M. Sampoli, and R. Vadlauri, Parameterizing Polarizable
Intermolecular Potentials for Water with the Ice 1h Phase. Molecular Physics,
1995. 85: p. 81-90.

11.Kusalik, P.T. and I.M. Svishchev, The Spatial Structure in Liquid Water. Science,
1994. 265: p. 1219-1221.

12.Chialvo, A.A. and P.T. Cummings, Engineering a Smple Polarizable Model for the
Molecular Smulation of Water Applicable Over Wide Ranges of State Conditions.
Journal of Chemical Physics, 1996. 105: p. 8274-8281.

13.Chialvo, A.A., P.T. Cummings, J.M. Simonson, R.E. Mesmer, and H.D. Cochran,
The Importance of the Interplay Between Molecular Smulation and Neutron
Scattering in Developing New Insights into the Structure of Water. Science, 1997.
Submitted for publication.

14.Chialvo, A.A. and P.T. Cummings, Molecular Smulation of Supercritical Water
and Aqueous Solutions. Encyclopedia of Computational Chemistry, ed. N.L. Allinger.
Vol. In press. 1997, Wiley & Sons.

15.Chialvo, A.A., P.T. Cummings, JM. Simonson, and R.E. Mesmer, Molecular
Smulation Study of Speciation in Supercritical Aqueous NaCl Solutions. Journal of
Molecular Liquids, 1996. Submitted for Publication.

16.Chialvo, A.A., P.T. Cummings, J.M. Simonson, and R.E. Mesmer, Temperature
and Density Effects On The High Temperature lonic Speciation in Dilute Na*/CI-
Agueous Solutions. Journal of Chemical Physics, 1996. 105: p. 9248-9257.

17.Chialvo, A.A. and P.T. Cummings, Microstructure of Ambient and Supercritical
Water. A Direct Comparison Between Smulation and Neutron Scattering
Experiments. Journal of Physical Chemistry, 1996. 100: p. 1309-1316.

18.Eisenberg, D. and W. Kauzmann, The Structure and Properties of Water. 1969,
New York: Oxford University Press.

19.Berendsen, H.J.C., J.P.M. Postma, W.F. van Gunsteren, and J. Hermans,
Interaction Models for Water in Relation to Protein Hydration, in Intermolecular
Forces. Proceedings of the Fourteenth Jerusalem Symposium on Quantum
Chemistry and Biochemistry, B. Pullman, Editor. 1981, Reidel: Dordrecht. p. 331-
342.

20.Sprik, M., Hydrogen Boding and the Static Dielectric Constant in Liquid Water.
Journal of Chemical Physics, 1991. 95: p. 6762-6769.

10 10



21.Ichikawa, K., Y. Kameda, T. Yamaguchi, H. Wakita, and M. Misawa, Neutron-
diffraction Investigation of the Intramolecular Structure of a Water Molecule in
the Liquid Phase at High Temperature. Molecular Physics, 1991. 73: p. 79-86.

22.Jorgensen, W.L., Revised TIPS for simulations of liquid water and aqueous
solutions. J. Chem. Phys., 1982. 77: p. 4156.

23.Chialvo, A.A. and P.T. Cummings, Journal of Chemica Physics, 1997. In
preparation.

24.Thole, B.T., Molecular Polarizabilities Calculated with a Modified Dipole
Interaction. Chemical Physics, 1981. 59: p. 341-350.

25.Gear, C.W., The Numerical Integration of Ordinary Differential Equations of
Various Orders. 1966, Argonne National Laboratory:

26.Evans, D.J. and S. Murad, Sngularity Free Algorithm for Molecular Dynamics
Smulation of Rigid Polyatomics. Molecular Physics, 1977. 34 p. 327-331.

27.Allen, M.P. and D.J. Tildesley, Computer Smulation of Liquids. 1987, Oxford:
Oxford University Press.

28.Steinhauser, O., Reaction Field Smulation of Water. Molecular Physics, 1982. 45:
p. 335-348.

29.Soper, A.K. and M.G. Phillips, A New Deter mination of the Structure of Water at
250C. Chemical Physics, 1986. 107: p. 47-60.

30.Lie, G.C., Consistency Check for Radial Distribution Functions of Water. Journal
of Chemical Physics, 1986. 85: p. 7495-7497.

31.Fois, E.S., M. Sprik, and M. Parrinello, Properties of Supercritical Water: An ab
initio Simulation. Chemical Physical Letters, 1994. 223: p. 411-415.

32.Verhoeven, J. and A. Dymanus, Magnetic Properties and Molecular Quadrupole
Tensor of the Water Molecule by Beam-Maser Zeeman Spectroscopy. Journal of
Chemical Physics, 1970. 52: p. 3222-3233.

11 11



FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure5:

Figure 6:

Comparison between the experimental NDIS-97, NDIS-86, and the simulated
O- O radia distribution functions of ambient water.

Comparison between the experimental NDIS-97, NDIS-86, and the simulated
O- H radia distribution functions of ambient water.

Comparison between the experimental NDIS-97, NDIS-86, and the simulated
H - H radia distribution functions of ambient water.

Comparison between the experimental NDIS-97 and the smulated O- O
radial distribution functions of water at 573K and 0.72g/cc.

Comparison between the experimental NDIS-97 and the smulated O- H
radial distribution functions of water at 573K and 0.72g/cc.

Comparison between the experimental NDIS-97 and the smulated H - H
radial distribution functions of of water at 573K and 0.72g/cc.
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Figure 5
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